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Here we describe an experiment with a lensless setup, schematically represented in Fig. 1 , which, in one dimension, circumvents this limitation. This microscope is based on the principle originally proposed by Gabor for high resolution electron microscopy. 11 The object is illuminated by a coherent divergent beam which forms a magnified image through projection on the detector. This is not only a shadow projection image, but a Fresnel diffraction pattern and thus a defocused image. The defocus converts phase variations into an intensity modulation, hence contrast.
The effective source is formed by a hard x-ray waveguide, [12] [13] [14] i.e., a thin film resonator in which a low absorbing material is enclosed between two metal layers with smaller refractive index. For particular grazing incidence angles, a resonance effect takes place inside the resonator film. The beam is compressed in one direction and the trapped wave emerges from the end of the waveguide with enhanced intensity. In the direction of beam compression, the beam ͑1͒ leaves the waveguide with a vertical size limited by the resonator layer thickness, which can be as small as 130 nm; ͑2͒ is diffracted at the end of the waveguide and becomes divergent with at least 1 mrad divergence; ͑3͒ is highly coherent.
The last property implies that the spatial resolution is not limited to the size of the source as it would be the case for an incoherent source in a magnifying setup. Because of the magnification, no high resolution detector is needed. However, magnification occurs only in the direction in which the beam is compressed.
The experiments were carried out on the microfocus beamline ͑ID13͒ at the European Synchrotron Radiation Facility ͑ESRF͒, with an unfocused 13 keV beam from a Si ͑111͒ channel-cut monochromator and with the experimental set-up operated in air. The waveguide which is efficient for photon energies between 10 and 20 keV was composed of a a͒ Electronic mail: lagomarsino@iess.rm.cnr.it b͒ Present address: ESRF-B.P. 220, F-38043 Grenoble Cedex, France.
FIG. 1. Schematic illustration of the hard x-ray magnifying set-up. A waveguide delivers a coherent and divergent beam which is transmitted through the sample and propagates towards the position sensitive detector. The recorded contrast is produced by absorption and variations in optical path length induced by the object. The distances z 1 and z 2 denote respectively the source-sample and sample-detector distance. The magnification M due to the projection is given by M ϭ(z 1 ϩz 2 )/z 1 . As shown in the picture, the beam at the level of the sample is well approximated by a spherical wave which is generated by a point source coincident with the exit of the waveguide.
130 nm thick carbon layer deposited onto 20 nm of chromium and covered with 4 nm of chromium.
14 The layers were deposited onto an ultra smooth plane Zerodur mirror by sputtering at Sincrotrone Trieste. The waveguide was adjusted for maximum output flux on the first resonance. The waveguide-sample distance z 1 could range from a few micrometers to a few millimeters. A piezoelectric transducer with a repeatability better than 0.1 m was used to scan the sample across the beam. The images were recorded on a low-noise CCD camera with fast readout, 15 the x-ray converter screen being positioned at a distance z 1 ϩz 2 ϭ0.99 m from the end of the waveguide. Each pixel of the CCD camera corresponded to 6.5 m on the converter screen.
We present results from a test pattern and a nylon fibre. The test pattern consisted of five 0.3 m wide gold strips ͑thickness 0.3 m͒ separated by 0.2 m and deposited onto a silicon nitride mask. Figures 2͑a͒-2͑c͒ , show the defocused images obtained, for three values of z 1 . In order to correct for spatial variations in beam intensity and in detector efficiency, these images were corrected using a flat-field procedure based on an exposure without sample. The images were taken with magnifications M ͑calibrated by piezo scans͒ of 187, 354, and 762, corresponding to values for z 1 of 5.3, 2.8, and 1.3 mm, respectively. The exposure time for each image was 5 s. However, the interference pattern could already be identified in exposures as short as 0.1 s. This real-time feature could find applications in dynamical studies. Figures  3͑a͒-3͑c͒ show the vertical intensity profile integrated horizontally over 6 pixels of the images in Fig. 2 . The recorded image is an interference pattern between the waves diffracted by the object. It is sensitive to the absorption and phase modulation induced by the object which is fully described by its complex transmission function F(x,y) 16 F͑x,y ͒ϭA͑ x,y ͒e i͑x,y ͒ . ͑1͒
The amplitude A(x,y) and the phase (x,y) are respectively related to the imaginary and to the real part of the refractive index distribution in the object and thus to its internal structure. 5, 7, 16 The propagation of the beam in free space can easily be described using the Fresnel-Kirchhoff formalism. 16 Considering only one dimension and the case of a pointlike source, .   FIG. 3 . ͑a͒-͑c͒ represent the vertical intensity profiles integrated horizontally over 6 pixels of the images in Fig. 2 . ͑d͒-͑f͒ show the corresponding simulations calculated following the general procedure discussed in the text with the structural parameters of the gold stripes as obtained from Scanning Electron Microscopy ͑SEM͒ images. The theoretical intensity distribution was convolved with a resolution function in order to obtain the present agreement between experimental data and simulations. While a resolution of 0.14 m is taken for ͑e͒ and ͑f͒, for ͑d͒ a resolution of 0.2 m was used. 
with the x-ray wavelength and D the effective defocusing distance given by
The magnification is
where z 1 and z 2 denote the source-object and the objectdetector distance, respectively. This means that the interference pattern is a magnified version of the Fresnel diffraction pattern for plane wave illumination and a propagation distance D. The focused image (Dϭ0) is only sensitive to absorption in the sample, and is therefore a standard radiograph. Effects related to the finite beam size at the level of the object can easily be taken into account in this description by windowing the transmission function. Figures 3͑d͒-3͑f͒ show the simulations calculated following the general procedure discussed above, using the structural parameters of the gold stripes obtained from scanning electron microscopy ͑SEM͒ images. The stripes introduce an amplitude modulation of 0.04 and a phase modulation of 0.35 rad. The values of the defocusing distance D leading to the simulations shown are in agreement with the values of z 1 obtained from direct measurement as well as from the magnification. The calculated intensity distribution was convolved with a resolution function of Gaussian form. While a resolution of 0.14 m ͑full width half maximum of the resolution function͒ is obtained for magnifications M ϭ354 ͓Fig. 2͑b͔͒ and M ϭ762 ͓Fig. 2͑c͔͒, a resolution of 0.2 m is found for magnification M ϭ187 ͓Fig. 2͑a͔͒. In the latter case additional vibrations were accidentally induced by the vacuum system of the beamline. We attribute the present resolution limit of 0.14 m mainly to imperfections in the experimental setup which can be corrected for in the future. Similar agreement was obtained between the calculations and the measured data for the straight nylon fiber edge in Fig. 4 . The good quality of the data should allow proper imaging, through reconstruction of the transmission function using an adapted numerical algorithm. 17 In conclusion, our experiments have shown the possibility of hard x-ray projection microscopy with submicron resolution, taking advantage of the coherent and divergent beam emerging from an x-ray waveguide. The contrast is mainly produced by variations in optical path length, which makes this method attractive for studies of weakly absorbing samples, both in materials and life sciences. Reduction in radiation damage and more freedom in the experimental setup ͑vacuum is not necessary͒ are important advantages with respect to soft x-rays. A spatial resolution of 0.14 m has been achieved, but a better figure should be obtained with an improved experimental setup. For the moment this resolution is achievable only in one direction, but extension to two dimensions is envisaged. The photon flux at thirdgeneration synchrotron sources makes real-time studies with exposure times of fractions of a second possible.
